The presence of iodide ions during the growth of gold nanorods strongly affects the shape of the final products, which has been proposed to be due to selective iodide adsorption on certain crystallographic facets. Therefore, a detailed structural and morphological characterization of the starting rods is crucial toward understanding this effect. Electron tomography was used to determine the crystallographic indices of the lateral facets of gold nanorods, as well as those present at the tips. Based on this information, we used density functional theory (DFT) 2 calculations to determine the surface and interface energies of the observed facets and provide insight into the relationship between the amount of iodide ions in the growth solution and the final morphology of anisotropic gold nanoparticles.
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Introduction
Gold nanoparticles (Au NPs) are of great current interest, due to their unique electronic, optical, and catalytic properties, giving rise to applications in e.g. biomedicine, optoelectronics and photovoltaics. [1] [2] [3] The morphology of nanoparticles has a major effect on their physical properties. For example, the aspect ratio of gold nanorods (Au NRs) is a crucial parameter behind their optical behavior, [4] but other morphological details have also been
shown to affect the frequency of localized surface plasmon resonances (LSPR) in Au NPs.
Therefore, the ability to accurately tailor the final shape and size of Au NPs is of great interest.
Much effort has been dedicated to develop synthesis methods under tightly controlled conditions, toward achieving this goal. [5] [6] [7] For example, various morphologies of Au NPs can be obtained, depending on the molar ratio of halide ions present during seeded growth. [8, 9] To understand the growth and stability of NPs down to the atomic scale, a combination of modeling and characterization techniques is required. Since the turn of the century, electron tomography has been used to investigate the 3D structure and shape of inorganic materials at the nanometer scale. [10, 11] The technique derives a three-dimensional (3D) structure from a tilt series of two-dimensional (2D) projection images. Recently, it has even become possible to investigate the morphology of NRs with atomic resolution and in this manner the types of crystallographic facets at the surface of Au NRs have been indexed. [12] Computationally, DFT studies have been performed to study the environment-dependent growth for Au based nanosystems, [13] resulting for example in understanding the influence of the NP shape on CO adsorption. [14] The surface stability of Au surfaces in the presence of different halides has also been investigated by means of DFT simulations. [15] Preferential growth in a specific direction is hereby explained on the basis of the surface energies of different crystallographic facets and the effect of the adsorption of usual atomic and molecular additives on the surface stability.
We have previously reported the effect of iodide ions on the autocatalytic overgrowth of single-crystalline Au NRs. [16] For small amounts of potassium iodide (KI) in the solution, gold salt reduction was favored on the tips, leading to the formation of dumbbell-like NPs.
Conversely, with an excess of iodide ions in the growth solution, the gold precursor reduction was found to be homogeneous, thereby preserving the initial shape of the rods upon overgrowth. It was suggested that the affinity of iodide toward gold causes the spontaneous replacement of bromide ions (from the employed surfactant), affecting the surface redox potential through the formation of AuI and AgI species. The formation of semiconducting halide species was proposed to catalyze the reduction of the gold precursor, in the presence of ascorbic acid (AA). The key argument was that the replacement of bromide by iodide was more efficient on the {111} facets at the tips than on the lateral parts. Therefore, at small amounts of iodide, the gold precursor would be reduced selectively on the tips, whereas at an excess of iodide the reduction could take place over the entire surface. By using advanced TEM with atomic scale resolution, we have now been able to determine the morphology of the initial Au NRs, as well as identify the crystallographic facets present at their tips. This information was used as an input for DFT calculations to provide insight into the relationship between different amounts of iodide in the growth solution and the final shape of the Au NPs.
Since the shape of a nanostructure is determined by the surface energy as well as the contribution of the adsorption energy to the surface energy (which we shall from here on refer to as the interfacial energy), we calculated these energies for the relevant observed facets.
Synthesis
Prior to the overgrowth experiments, as-prepared Au NRs (Figure 1) , ( for a given amount of iodide, the number of NPs did not vary.
Structural and morphological characterization

As-prepared Au NRs
We first investigated the as-prepared Au NRs by means of 2D and 3D high angle annular dark field scanning TEM (HAADF-STEM). Using electron tomography, the morphology could be reconstructed ( Figure 1a ) and a high resolution HAADF-STEM image of the same rod is shown in Figure S1 . In order to determine the type of crystal facets at the surface, high resolution electron tomography was applied. We hereby used a previously developed methodology [12] algorithm that exploits the sparsity of the structure of the NRs at the atomic scale. In Figure   1b , one of the high resolution input images (acquired along a <110> axis) is shown. The remaining projection images are presented in Figure S2 . In Figure 1c -e, 3D visualizations along different viewing directions and a slice through the reconstructed volume are presented.
Although the reconstruction did not enable a direct indexing of the lateral facets due to surface roughness, the facets at the sides of the tip could be reliably investigated and were determined to correspond to {111} and {110} planes, in agreement with the findings reported in ref. [17] .
Overgrown Au NRs
Next, pre-grown Au NRs, were used as seeds for overgrowth, in the presence of both low and while the width at the tips increased up to 25.7±3.1 nm. The width in the middle of the NRs however remained constant. These average dimensions were determined by analyzing more than 100 different NPs from low magnification TEM images ( Figure S3 ). Such a regionspecific gold reduction resulted in a dumbbell-like shape for the final NPs ( Figure 2 e-h). This result, together with the information provided in Figure 1 , is in agreement with our previous work. [16] This process yields final particles with a dumbbell shape.
Surface and interface energies
The as-prepared Au-NRs used in this study are identical to those investigated in previous work, where it was shown that the lateral facets are alternating {110}, {100} and {520}
facets. [12] Here, we conclude that {110} facets are present at the sides of the tips as well, together with {111} planes, illustrated in Figures 1c and 1e respectively. This provides the input data required for DFT calculations. We therefore focus here on the surface energies and interfacial energies of {111}, {520} and {100} planes. The surface energy for each Au facet is calculated from the total energy of a slab with one relaxed surface ( ) and the unrelaxed slab ( ), together with the total energy per atom in bulk gold ( ), which is given by
where ℎ represents the surface orientation, the surface area and the total number of atoms in the considered slab. The calculated surface energies (γ hkl ) for {111}, {100}, and {520} Au facets were 1.169, 1.311, and 1.369 J/m 2 , respectively. Since the overgrowth of Au
NRs occurs in the presence of different amounts of I -, it is important to further understand how the adsorption of iodide ions influences the stability of these different surfaces. We need to consider the contribution of the adsorption energy, i.e., the interface energies rather than the pure surface energies. When calculating the interface energy, the effect of the difference in adsorption energy of iodide on different crystallographic surfaces is also taken into account.
For surfaces with many dangling bonds (such as the {520} facet), the surface energy is expected to be relatively high, but at the same time the adsorption energy of an atom/ion will be lower (i.e., more negative) which might result in a compensation effect. [13] The magnitude of this compensation effect in turn depends on the iodide concentration. As a result, a change in iodide concentration may induce a cross-over of the interfacial energies of the various facets and therefore the stabilities of the facets considered.
Considering iodine atoms (as adsorbates) on a Au surface with area , the adsorption ( ) and interface ( ℎ ) energies are calculated as:
where + and are the total energies of the slabs with and without adsorbed iodine atoms, and is the total energy of an isolated iodine atom. Experimentally, the adsorbate is an iodide ion (I -) deposited on the Au surfaces. In our calculations, a neutral system (Au slab plus iodine atoms) is considered. Bader charges calculations show indeed that there is a strong charge transfer towards the adsorbed iodine atoms, effectively resulting in adsorbed iodide ions. We also considered a negatively charged system, which resulted in almost identical charges on the iodide ions while the remaining charges spread out over the metallic Au layers.
Therefore, for our purpose, it is justified to perform the calculations for neutral systems.
Additionally, this also avoids the convergence problem for the total energies of charged slab calculations. Many different configurations and concentrations of iodine atoms on Au slabs with {111}, {100}, and {520} surfaces were considered. We find the lowest adsorption As mentioned above, the iodide concentration is experimentally found to critically determine the final nanoparticle shape, and thus the growth rate of the facets initially present. We correlate these findings to the calculated thermodynamic stability of these facets, as a function of iodide concentration. For low amounts of I atoms, the {111} surface is calculated to have the lowest interface energy. Experimentally, this is found to lead to dumbbell growth, which is in agreement with the computational result. By increasing the iodine concentration, the interface energies for all surfaces decrease due to the binding of iodine atoms to the surface.
However, we observe that the interface energies 520 and 100 decrease faster with increasing I concentration than 111 . This means that, as the iodide concentration increases, a departure from dumbbell growth towards rod-like growth should occur. This is indeed experimentally observed. A linear fit to our calculation data predicts that the {520} surface will have the lowest interface energy at a concentration of 0.04 iodine atom/Å 2 . This corresponds to 1 iodine atom per 25 Å 2 , which is before full coverage occurs.
In order to quantify the observed correlation between the theoretical findings and the experimental data, we estimated the number of I -ions per given area of the Au NR seeds. the calculated results and the experimental observations. The difference of a factor of two may result from the presence of other species. For example, the dumbbell like overgrowth is mediated by the presence of AgBr on the NRs surface. In the presence of KI, the displacement of Br -by I -leads to formation of AgI on the NRs surface, which in turns changes the surface redox potential of the seeds.
Conclusion
Depending on the amount of KI present during the overgrowth of single-crystalline Au NRs, either rod-or dumbbell-shaped particles can be obtained. The main reason for this is the higher efficiency of the replacement of bromide by iodide on the {111} facets, which were proposed in the past to be present at the tips. By using atomic resolution electron tomography we could confirm the presence of {111} facets at the sides of the tips. These results, together with information about the lateral facets, were used as input for the calculation of surface and interface energies, in order to explain the observed shapes and determine the correlation between changes in surface stability and iodide adsorption. These findings provide a significant insight into the overgrowth of Au NRs and we expect it to open new opportunities for the future characterization of similar systems, which are widely used in the field of plasmonics. Synthesis of Au NRs: Au NRs were prepared through the well-known seeded growth method, [18] 
Experimental Section
Synthesis of materials:
Synthesis of overgrown NRs:
For the overgrowth of Au NRs [16] in the presence of low or high amount of KI, a solution of CTAB (10 and [-110]) by using a Fischione model 2040 tilt-rotation tomography holder. Prior to the tomographic reconstruction, these experimental images were drift compensated by using the known lattice proportions and angles between two planes at each specimen orientation. [19] Furthermore, the background of the images was subtracted and fitted as a 3D plane, and each image was also normalized in such a way that the sum of all pixel intensities was equal to one.
For the tomographic reconstruction we used the simultaneous iterative reconstruction technique (SIRT) algorithm, with an additional constraint that at each iteration any negative reconstructed voxels are set to zero. This positivity constraint arises from the knowledge that our reconstructed object must be positive. However, it should be mentioned that no further assumptions are made concerning the positions of the atoms.
Modelling details: Calculations were performed using DFT as implemented in the VASP code. [20] [21] VASP uses periodic boundary conditions to compute a solution to the Kohn-Sham equations within a plane-wave basis. The projector augmented wave (PAW) method [22] was used to represent the core electrons. The exchange-correlation interactions were approximated with the Perdew, Burke, and Ernzerhof (PBE) functional [23] and the van der Waals (vdW) density functional method of Tkatchenko and Scheffler (DFT-TS) [24] was employed. The Au 
